Wenninger JM, Olson EB Jr, Cotter CJ, Thomas CF, Behan M. Hypoxic and hypercapnic ventilatory responses in aging male vs. aging female rats. J Appl Physiol 106: 1522-1528, 2009 doi:10.1152/japplphysiol.90802.2008.-It is clear that sex hormones impact ventilation. While the effects of the menstrual cycle, pregnancy, testosterone, and progesterone on resting ventilation have been well documented, effects of sex hormones on the hypoxic (HVR) and hypercapnic ventilatory responses (HCVR) are inconclusive. In addition, in no study have systemic sex steroid hormone levels been measured. Age and sex differences in long-term facilitation in response to episodic hypoxia were found in anesthetized rats. The purpose of the present study was to assess the effects of sex and age [young, 3-4 mo; middle age, 12-13 mo; and old, Ͼ20 mo] on the HVR and the HCVR of awake rats relative to systemic hormone levels. Based on findings from long-term facilitation studies, we hypothesized that the HVR would be influenced by both sex and age. We found no age-related changes in the HVR or HCVR. However, female rats have a greater HVR than male rats at old age, and at middle age female rats have a greater HCVR than male rats. Additionally, we found no correlation between the minute ventilation/ oxygen consumption and the progesterone-to-estrogen ratio during hypoxia or hypercapnia. However, changes in ventilatory responses with age were not similar between the sexes. Thus it is critical to take sex, age, estrous cycle stage, and systemic hormone levels into consideration when conducting and reporting studies on respiratory control. ventilation; sex hormones; hypoxia; hypercapnia SEX HORMONES HAVE A SIGNIFICANT impact on ventilation in humans. The effects of the menstrual cycle, pregnancy, testosterone, and progesterone on resting ventilation have been well documented (7-9, 12, 25, 27, 31, 37). Studies of (natural) sex hormone effects on ventilatory responses to hypoxia [hypoxic ventilatory response (HVR)] or hypercapnia [hypercapnic ventilatory response (HCVR)] have had mixed results. For example, in some studies, males had a greater HVR than females (10, 31), while in other studies there were no sex differences (14, 21), and still other studies found females to have a greater HVR than males (15, 30) . Similarly, the HCVR was either greater in males than in females (23, 24, 31), or no sex differences were found (1, 21). To add to the complexity, Schlenker and Goldman report that the HVR but not the HCVR changed with age (24).
SEX HORMONES HAVE A SIGNIFICANT impact on ventilation in humans. The effects of the menstrual cycle, pregnancy, testosterone, and progesterone on resting ventilation have been well documented (7-9, 12, 25, 27, 31, 37) . Studies of (natural) sex hormone effects on ventilatory responses to hypoxia [hypoxic ventilatory response (HVR)] or hypercapnia [hypercapnic ventilatory response (HCVR)] have had mixed results. For example, in some studies, males had a greater HVR than females (10, 31) , while in other studies there were no sex differences (14, 21) , and still other studies found females to have a greater HVR than males (15, 30) . Similarly, the HCVR was either greater in males than in females (23, 24, 31) , or no sex differences were found (1, 21) . To add to the complexity, Schlenker and Goldman report that the HVR but not the HCVR changed with age (24) .
Likely sources of disagreement from these studies may be the range of ages tested (18 -87 yr) , variable sex hormone levels, especially in older animals (16, 28) , and different levels of hormones associated with stages of the menstrual cycle.
While some studies report menstrual or cycle stages (4, 14, 31) , others do not (1, 10, 21) . In no study has a complete sex hormone level panel (estradiol, progesterone, testosterone) been measured systematically in intact subjects. Unfortunately, because circulating sex hormone levels in human subjects were not reported in previous studies, differences in ventilatory responses might reasonably be attributed to differences in hormone levels in pre-, peri-, and postmenopausal women.
Accordingly, the purpose of the present study was to conduct a comprehensive assessment of the effects of age, sex, and systemic hormone levels on the HVR and the HCVR. Although ventilatory measurement is complicated by potential changes in pulmonary mechanics and/or gas exchange with increasing age (11) , unanesthetized studies offers the power to assess ageand sex-dependent effects under more physiological (awake, unrestrained) conditions. Based on sex differences and ageassociated changes in long-term facilitation (35, 36) , we hypothesized that the HVR would be affected by age and sex. We further hypothesized that the sex hormone ratio would affect the HVR or HCVR.
METHODS

Surgical procedures.
All experimental procedures were approved by the Animal Care and Use Committee of the School of Veterinary Medicine at the University of Wisconsin. All animals were given food and water ad libitum, except during plethysmographic studies. Rats were kept on a 12:12-h light-dark cycle (6 AM to 6 PM). At least 1 wk before ventilation studies, sterile surgery was performed for implantation of chronic indwelling femoral arterial catheters and telemetry transducers (Mini-Mitter, Sunriver, OR) in young (Y, 3-4 mo), middle-aged (MA, 12-13 mo), and old (Ͼ20 mo) male and female Fisher 344 rats (NIA). Briefly, anesthesia was initiated and maintained with 3-5% isoflurane via muzzle mask inhalation. A 3-cm lateral incision was made at the junction of the leg and abdomen. The femoral artery was dissected, and the distal end tied off. An arterial catheter (PE-50, 50 cm) was inserted into the artery and advanced (2 cm) into the abdominal aorta. The catheter was secured with suture, tunneled dorsally, and externalized on the midline between the scapulas. To implant the telemetry transducer for body temperature measurements, a ventral midline incision (3 cm) was made into the abdominal cavity, the transmitter inserted, and incision closed. Due to intolerance of old rats to these surgical procedures, arterial catheters were implanted in Y and MA rats only. Ventilation was measured 1 wk after surgery.
Experimental procedures. For plethysmography studies, rats were continuously monitored (see ventilatory and metabolic measures below). Arterial blood was sampled after 35-40 min of normoxia. Rats were then immediately exposed to hypoxia (12% O 2, balance N2) for 10 min, followed by a 10-min exposure to normoxia before a final 10-min exposure to hypercapnia (7% CO 2). Arterial blood samples were drawn during the final 4 min of exposure to each condition (Y and MA rats only). Immediately following the plethysmography study, a final blood sample (1 ml) was drawn for measurement of hormone levels (all ages). Because of the lack of an indwelling femoral catheter in the old rats, following the plethysmography study, old rats were anesthetized, and blood samples taken directly from the heart for measurement of sex hormone levels.
Arterial blood gases and pH were measured and corrected to body temperature (Radiometer, model 500, Copenhagen, Denmark). Data from the last 20 min of normoxia and the last 4 min (chronic response) of each gas challenge were used for data analysis.
Serum hormone levels. Blood samples were centrifuged to collect serum, which was then immediately frozen at Ϫ80°C. Total testosterone, estradiol, and progesterone levels were analyzed using ELISA (Immuno-Biological Laboratories, Minneapolis, MN; 17␤-estradiol, catalog no. RE50421, sensitivity 4.6 -3,000 pg/ml; progesterone, catalog no. RE52231, sensitivity 0.05-36 ng/ml; testosterone catalog no. IB79106, sensitivity 0 -16 ng/ml).
Ventilatory and metabolic measurements. Ventilatory and metabolic measurements have been described in detail elsewhere (17) . Before each study, the plethysmograph was calibrated by rapid repeated injection of 0.2 ml of air into the chamber. The calibration signal and chamber temperature were used to calculate tidal volume; barometric pressure was measured at the start of each experiment (barometer). Ventilatory and metabolic measurements were made in awake, unrestrained rats during quiet rest in a 2-liter, flow-through plethysmograph that was connected to a compensatory box by a leak with a 10-s half time. Air (100% humidity) was forced through the chamber at a rate of 2 l/min through a high-impedance opening and removed via vacuum through a variable impedance valve. Fluctuations in pressure relative to a 2-liter reference chamber were detected with a pressure transducer (PM15E, Statham Instruments, Hato Rey, PR) and used to calculate respiratory variables. Data were collected on a computer using customized software that provided breath-by-breath analysis of ventilatory variables [frequency, tidal volume, and minute ventilation (V E)]. Inflow and outflow gases were monitored by O2 (FCX-MV, Fujikura, Tokyo, Japan) and CO2 (LB-2, Beckman Instruments, Schiller Park, IL) gas analyzers and used to calculate metabolic rates at 10-min intervals.
Data analysis. For plethysmograph studies, data from the last 4 min of each study (encompassing the times arterial blood samples were taken) were binned into 15-s samples and averaged. Averages were compared using a two-way repeated-measures ANOVA with a Bonferroni t-test for multiple comparisons. For all analyses, P Ͻ 0.05 was considered significant. The HVR is defined as the change (⌬) in V E-to-oxygen consumption (V O2) ratio (⌬V E/V O2), and the HCVR is defined as ⌬V E-to-V O2-to-⌬arterial PCO2 (⌬V E/VO2/⌬PaCO 2 ).
RESULTS
Ventilatory, metabolic, blood gas, and sex hormone data for Y, MA, and old rats in normoxia, hypoxia, and hypercapnia are shown in Table 1 . During normoxic baseline conditions, there were significant sex differences and age-related changes in metabolic rates, even when V O 2 was normalized for body weight. However, the most notable age-related change was an increase in resting Pa CO 2 in female rats.
HVR. As previously discussed by Mortola et al. (15) , when considering small mammals, changes in metabolic rate have significant impact on ventilation. Thus we evaluated the change in the ventilatory equivalent (⌬V E/V O 2 ) as the index of the HVR (Fig. 1A) .
The most interesting sex-related finding was a greater HVR in old female compared with old male rats (Fig. 1A) . Conversely, there were no sex differences in the HVR of Y or MA rats. While MA and old females had a significantly higher (weight-corrected) V O 2 in hypoxia compared with their male counterparts, there was no difference in the percent change (from control) in V O 2 in male vs. female rats (MA, 27.6 Ϯ 2.6 vs. 21.2 Ϯ 7.3%; old, 4.7 Ϯ 10.4 vs. 17.6 Ϯ 19%, respectively, Table 1 ). Finally, while female rats had a significantly higher V E/V O 2 compared with male rats (MA, Table 1 ), there were no significant sex differences in the percent ⌬V E/V O 2 at any age (Fig. 1B) .
With regard to age-related changes in hypoxia, we found no significant age-related changes in the HVR per se. We did find that V O 2 significantly decreased (compared to control) in Y and MA female rats and in MA male rats, but not in Y male rats (P ϭ 0.058) or in old rats of either sex. Of all of the parameters measured, the only age-related effect was a significant percent change of (weight-corrected) V O 2 in Y and MA vs. old female rats (Y, 33.6 Ϯ 3.6%; MA, 21.2 Ϯ 7.3%; and old, Ϫ17.6 Ϯ 18.9%).
HCVR. During hypercapnia, female rats had significantly lower V E (Y, MA, and old) and V E/V O 2 (Y and old), but higher V O 2 (MA and old, body weight corrected) compared with age-matched male rats. Old male rats had a significantly greater ⌬V E/V O 2 compared with female rats (Fig. 2A) ; however, the percent increase was not different. While male rats did have a significantly greater percent increase in their V E/V O 2 during hypercapnia compared with female rats (MA, Fig. 2B ), when the percent increase of V E/V O 2 is normalized to the change in Pa CO 2 , MA male rats have a lower HCVR than MA female rats (Fig. 2C) . Additionally, blood gases during CO 2 exposure were similar in all four groups measured (Table 1) . It is important to note, however, that potential sex differences in the HCVR in old rats could not be determined due to lack of an arterial blood sample.
Sex hormones. There was no age-associated decline in testosterone levels in male rats (Table 1) . Hormone levels in regularly cycling Y and MA female rats varied greatly, while estradiol and progesterone levels in acyclic old female rats were stable (Table 1 and Fig. 3 ). We found no correlation between the ratio of progesterone to estradiol (P/E) and the HVR or HCVR (Fig. 3, A and B, respectively) .
DISCUSSION
Following a history of inconsistent results, no single study can be expected to completely clarify the question of whether there are age-related effects or sex differences in ventilation. However, this study does attempt to provide a more comprehensive and focused look at ventilatory changes that occur with aging in both male and female rats. The major findings of this study are as follows: 1) resting Pa CO 2 increases with age (Y to MA) in female but not in male rats; 2) the HVR and HCVR are conserved with age in both sexes; 3) there are no sex differences in the HVR in Y and MA rats; 4) the HVR is greater in old female rats than old male rats; and 5) the HCVR is greater in MA female than in MA male rats.
Normoxia. The most intriguing result from the normoxic data are the age-related decrease in Pa CO 2 in female rats (Y vs. MA) and the greater V O 2 in female compared with male rats (Y and MA). The change in Pa CO 2 with age in female rats is difficult to explain, given that hormone levels in Y and MA female rats are similar, and that resting metabolic rates (V O 2 and CO 2 production) are not different in Y vs. MA female rats.
Although not reported in a study by Crapo et al. (5) , an age-related increase in resting Pa CO 2 in MA compared with Y women was observed in a study by Loeppky et al. (Ref. 14; M. Jensen, personal communication). While we found no sex differences in resting blood gases in this study, despite sex differences in resting metabolic rates (Table 1) , several investigators report sex differences in resting Pa CO 2 . In those studies, both human and feline males had a higher resting Pa CO 2 than their respective female counterparts [1, 14, 30 (cat), 31 (human)]. Since a disconnect between resting blood-gas levels and metabolic rates cannot be explained by differences in pH (data not shown), it may be unique to this species or rat strain.
The lack of age-related change in V O 2 in male rats could simply be attributed to a lack of age-related decline in testosterone levels. Whereas the overall female hormone levels do not appear to be different, the lack of fluctuation of progesterone and estrogen levels in acyclic old female rats may contribute to the age-related decrease in resting V O 2 (Y and MA vs. old) in female rats.
Finally, there are some subtle age-related ventilatory changes in male and female rats. Most interesting is that the pattern of ventilatory age-related changes is not similar between the sexes. In ventilation for example, V E in male rats is lowest at middle age, whereas, in female rats, V E peaks at middle age (Table 1) . When metabolic changes are also considered, the character of the age-related changes is altered such that, at middle age, males have a nadir, while females reach a peak. This sex difference at MA is significant (V E/V O 2 , Table   1 , Fig. 4) . To our knowledge, we are the first to demonstrate such consistent ventilatory and metabolic changes over a wide range of ages in both sexes.
Hypoxia. The published data on sex differences in the HVR are conflicting. While some report a greater HVR in females [1 (human), 15 (rat), 30 (cat)], some report a greater HVR in (human) males (10, 31) , and yet others report no sex differences in the HVR (humans; Refs. 14, 21). A factor contributing to disparities in these findings is the wide range of ages of the subjects.
The only sex difference we found within the HVR occurred in old rats. Thus our data agree with those who report no sex difference in the HVR in MA subjects (14, 21, 24) , but contrasts with findings by others who found sex differences in the HVR (1, 15, 30 -32) . The assorted findings cannot be explained by differences in how HVR was reported or defined [V E/V O 2 vs. A (slope of the hyperbolic curve) vs. PA Ϫ Pa vs. A/(V I ⅐kg)], where PA is alveolar pressure, Pa is arterial pressure, and V I is inspiratory flow, since reporting methods in some studies were used in both categories of findings (sex differences vs. no sex differences). It is important to note that, in the study by Tatsumi et al. in cats, the HVR is reported as A/(V I ⅐kg) (30) . In that same study, however, they report no significant difference in the slope of the hyperbolic curve of the HVR (A). In recent studies by Davis et al. (6) and Penatti et al. (19) , not normalizing to body weight is suggested to be a more appropriate means of reporting ventilatory responses. Thus the result of no sex difference in A in the study by Tatsumi et al. (30) may be the more accurate finding, and we might argue that Tatsumi et al. actually found no sex differences in the HVR of adult cats. Fig. 2 . Ventilatory response to hypercapnia reported as the change in ventilatory equivalents (⌬V E/V O2; A), the percent change in ventilatory equivalent ventilation from control (B), and the change in ventilatory equivalents normalized to the change in arterial PCO2 (PaCO 2 ) (HCVR; C) in Y, MA, and old male and female rats during hypercapnia (inspired CO2 fraction ϭ 7%). *P Ͻ 0.05. Fig. 3 . The ventilatory equivalents (V E/V O2) in Hx (A) and in hypercapnia (B) plotted against the log of the ratio of progesterone to estradiol (log P/E) in female rats. }, Y; E, MA; X, old.
While some report age-related changes in the HVR in both rat and human studies (13, 20, 24) , we found no age-related change in either sex; thus our data are in agreement with findings of Rubin et al. (22) . However, while we found no significant age-related changes in the HVR per se, in hypoxia, we did find consistent age-related changes in the ventilatory response to hypoxia that were unique to each sex. For example, frequency and V E/V O 2 in male rats peaked in Y male rats, while in female rats they peaked at MA. Why these age-related changes occur is not clear, since testosterone levels in male rats and estrogen and progesterone levels in female rats were not different between Y and MA animals ( Table 1 and Fig. 3 ). One possible explanation could be a sex difference in serotonin receptor density. Recently, Seebart et al. (26) demonstrated significant differences in 5-HT 2A receptor immunoreactivity within a respiratory-related nucleus (hypoglossal) in male and female rats. They also found a significant age-related increase in 5-HT 2A receptors in females but not in males. These sexspecific, age-associated changes in receptor density could contribute to the sex difference in HVR in old rats.
Hypercapnia. The published data on sex-related differences in the HCVR are also conflicting. Some report no sex difference in the HCVR (1, 21, 24) (21.6 -36 mmHg CO 2 ), while others report males to have a greater HCVR than females (18, 23, 31) . On the other hand, we report here that MA female rats have a significantly greater HCVR than male rats. One possible explanation for this could be the metrics by which HCVR is being reported [slope/CO 2 production (1), slope of CO 2 (21, 31) , ⌬V E/inspired PCO 2 (24) , ⌬V E/⌬expired PCO 2 (Ref. 23 ; in hyperoxic hypercapnia) vs. ⌬V E/V O 2 /⌬Pa CO 2 (present study)].
Age-related HCVR decreases have been reported in humans, but these differences were found between MA and old subjects (4, 13, 20, 22) . Additionally, in some studies, both men and women were included (4, 20) . In contrast, Schlenker and Goldman (24) reported an age-related decrease in CO 2 responsiveness (in male rats), but this difference was only apparent at low levels of CO 2 (0 -3%). At higher levels of CO 2 (3-5%), closer to levels used in our study (7% CO 2 ), no age-related differences were reported.
Similar to the results reported here under normoxic and hypoxic conditions, in hypercapnia, we found consistent agerelated changes in the ventilatory response that were unique to each sex (Fig. 4) . Moreover, the age-related and sex-specific responses to hypercapnia were different from the age-related response patterns we found in hypoxia. For example, in hypoxia, during the ventilatory response at MA, male rats reached a nadir, while female rats reached a peak. However, in hypercapnia, ventilatory peaks occurred in the Y age group in both male and female rats. Additionally, the ventilatory response to CO 2 (both V E and V E/V O 2 ) rebounded in old male rats, such that old male rats had a significantly higher ventilatory response to CO 2 than did old female rats.
Hormones. Because of the close proximity of surgery to plethysmography studies (1 wk), the time needed to establish a clear estrous cycle (2-3 wk), and the possibility of surgery interfering with or interrupting the estrous cycle, we did not take daily vaginal smears to determine estrous cycle stage, but rather relied on blood hormone (estrogen and progesterone) measurements. Based on hormone profiles, there were no significant correlations between P/E and the HVR or HCVR. While others have shown decreased testosterone levels with age (16, 33) , we were unable to detect an age-related decrease in testosterone levels in these male rats. However, testosterone levels reported here (1.30 Ϯ 0.11 ng/ml, Y; 1.44 Ϯ 0.16 ng/ml, MA; and 1.50 ng/ml, old) are similar to those reported by Zabka et al. (33) , in MA Fisher 344 male rats. The lack of an age-related decrease in testosterone level in the male rats in the present study may be due to strain or colony differences. Nevertheless, the stable systemic testosterone levels may help explain the lack of age-related effects on the HVR and HCVR in male rats.
In Y and MA female rats, progesterone and estradiol levels fluctuate during the estrous cycle (4 -5 days). In contrast to Zabka et al. (34) , who reported a negative correlation between hormone levels (P/E) and hypoglossal and phrenic long-term facilitation in response to episodic hypoxia in anesthetized female rats, we found no correlation between the P/E and the HVR or the HCVR in female rats. However, the estrous cycle has been shown to influence eupneic breathing and ventilatory responses (14, 29, 31, 35) ; thus we cannot rule out the possibility that, during wakefulness, estrous cycle stage may have a stronger correlation with ventilatory responses than systemic hormone levels.
Furthermore, measurements of circulating sex hormone levels are, at best, a physiological snapshot taken many hours after those hormones have exerted their effect in the tissue of interest. Additionally, the absolute levels of progesterone and estradiol in respiratory motor nuclei at the time of the experiment may differ considerably from serum levels.
Conclusion. From this study, it appears that both the HVR and HCVR are well conserved with age. Sex differences in the HVR were not apparent until old age (female Ͼ male), while sex differences in the HCVR were seen at middle age (female Ͼ male). It is also important to note that breathing during rest, as well as during hypoxic or hypercapnic challenge, changes with age, that age-related changes are not necessarily gradual, and that age-related changes are different in males and females (see Fig. 4 ). The lack of correlation between the P/E and the HVR or the HCVR in female rats may indicate that estrous cycle status and not systemic hormone levels may have a stronger correlation with ventilatory drives. Thus we recommend that, when conducting studies on female subjects, it is important to stage the estrous cycle (daily vaginal smear for 2-3 wk) to determine whether rats are cycling normally. Knowing the estrous cycle stage might provide additional insight into the physiological effects observed. Additionally, it is also important to measure systemic sex hormone levels to determine that they are within normal range, as well as to help identify the transition between estrus and diestrus.
